Introduction {#s1}
============

The worldwide increase of obesity and type 2 diabetes causes a substantial burden in human health problems and their associated financial costs. Although type 2 diabetes is a heterogenous disease, obesity and insulin resistance are recognized as commonly preceding the development of most cases. Insulin resistance is the driving force of type 2 diabetes, but how resistance develops is still incompletely understood. Recent studies support the concept that low-grade inflammation mediated by both innate and adaptive immunity in visceral adipose tissue (VAT) is a critical step in this process ([@B1],[@B2]). It has been reported that immune cells, including macrophages (Mϕ), T cells, B cells, mast cells, and others, accumulate in VAT and promote or regulate insulin resistance ([@B3]--[@B9]). Cytokines or chemokines produced by these cells, such as tumor necrosis factor (TNF)-α, CCL2, and interleukin (IL)-6, are essential inflammation mediators ([@B10]--[@B13]). VAT is a special microenvironment for immune responses compared with lymphoid tissues or even with subcutaneous adipose tissue (SAT). The specificity of this immune environment is characterized by a sharp distinction in the composition, phenotype, and function of different immune cells compared with those in lymphoid and other nonlymphoid tissues ([@B6],[@B9]). In addition, specific cognate antigen engagement in this discrete microenvironment may contribute to its unique immune profile, as biased T-cell receptor repertoires in CD4^+^ T cells were found in VAT in obese mice ([@B7]). The immune homeostasis in VAT must be delicately regulated because any changes in the composition of immune cells and the interactions between different cell types might disturb the homeostatic balance and induce severe inflammation, thus aggravating insulin resistance.

CD40, a member of the TNF receptor superfamily, supplies essential costimulatory signals during interactions between antigen-presenting cells and T cells. Both humans with deficiencies in expression of the ligand for CD40 (X-linked hyper-IgM syndrome) and CD40-deficient (CD40 knockout \[CD40KO\]) mice have lower basal serum levels of IgG and IgA and cannot mount efficient humoral and cellular adaptive immune responses ([@B14]--[@B16]). In addition to its constitutive expression on antigen-presenting cells, CD40 can also be expressed on some activated T cells. The expression of CD40 on a subset of CD4^+^ T cells plays an important role in pathogenesis in animal models of autoimmune insulin-dependent type 1 diabetes and collagen-induced arthritis ([@B17],[@B18]). CD40 expressed on CD8^+^ T cells is involved in pathogen-associated immune responses ([@B19]--[@B21]). Recent studies showed that preadipocytes and adipocytes also express CD40 and demonstrated that adipose tissue inflammation requires the ligand for CD40, CD154 ([@B22]--[@B24]). However, the roles of CD154 and CD40 might be distinct, as CD154 has other potential receptors in addition to CD40 ([@B25]). Therefore, it remains unclear whether CD40 plays a causative role in regulating immune homeostasis in the inflamed obese adipose tissue and whether it is involved in the initiation and development of obesity-related insulin resistance and type 2 diabetes. In this study, we tested the role of CD40 in obesity and insulin resistance in a high-fat diet (HFD)-induced obese mouse model (diet-induced obesity \[DIO\]). Our results reveal a physiological role for adipose tissue CD40 in preventing obesity and insulin resistance.

Research Design and Methods {#s2}
===========================

Mice and Diets {#s3}
--------------

CD40KO mice on a C57BL/6Ncr background and control C57BL/6J (wild type \[WT\]) mice were obtained from The Jackson Laboratory (Bar Harbor, ME). Rag1-deficient (Rag1^−/−^) mice were originally provided by Dr. F. Sutterwala (University of Iowa, Iowa City, IA). Age-matched male mice were used for DIO induction with an HFD. All mice were maintained in facilities under specific pathogen-free conditions at The University of Iowa and were used in accordance with National Institutes of Health guidelines under an animal protocol approved by the Animal Care and Use Committee of the University of Iowa. Mice were fed with either a standard chow diet containing 6% fat (Oriental Yeast Company, Vista, CA) or an HFD containing 60% of calories from fat (D12492; Research Diets, New Brunswick, NJ). For induction of obesity, unless otherwise indicated, male mice were fed with the HFD for 18--20 weeks starting at the age of 6 weeks.

Antibodies and Reagents {#s4}
-----------------------

Anti-CD8 depleting antibody (Ab) (YTS169.4) and relevant isotype control Abs were purchased from BioXell (West Lebanon, NH). Fluorescence-conjugated anti-F4/80 (BM8), anti-CD3 (145-2C11), anti-CD28 (37.51), anti-CD4 (GK1.5), anti-CD8 (53-6.7), anti-Foxp3 (FJK-16s), anti-CD16/32 (93), anti-B220 (RA3-6B2), anti-CD11c (N418), anti-CD40 (HM40.3), anti-CD11b (M1/70), and anti-perilipin (D1D8) Abs were purchased from eBioscience (San Diego, CA), BD Bioscience (San Jose, CA), R&D Systems (Minneapolis, MN), or Cell Signaling Technology (Danvers, MA).

Metabolic Parameter Measurements {#s5}
--------------------------------

Food consumption and body weight were monitored weekly. After 18 weeks on an HFD as indicated, fasting blood glucose was measured. Serum was collected before mice were euthanized. Triglycerides, total cholesterol, LDL/VLDL, HDL, and insulin quantification kits were purchased from Abcam (Cambridge, MA), and ELISA detection was performed according to the manufacturer's instructions. For glucose tolerance tests (GTTs), mice were fasted for 14 h and 1 g glucose/kg body wt i.p. was injected; for insulin tolerance tests (ITTs), mice were fasted for 6 h and 0.75 units/kg body wt i.p. recombinant human insulin (Invitrogen, Grand Island, NY) was injected. Blood glucose was measured at 0, 15, 30, 60, and 120 min after glucose or insulin injection.

Stromal Vascular Fraction Isolation and Analysis {#s6}
------------------------------------------------

Stromal vascular fraction (SVF) isolation was performed as previously described ([@B3],[@B5],[@B7]). Some freshly isolated SVF was directly used for mRNA extraction and real-time PCR analysis as indicated in the figure legends. In some experiments, 2.5 × 10^5^ total SVF cells were cultured for 48 h. Cytokines were tested with ELISA kits (eBioscience). In others, SVFs were stained for flow cytometry analysis or for sorting CD8^+^ T cells or CD4^+^ T cells using flow cytometry. Sorted CD3^+^CD8^+^ T cells or CD3^+^CD4^+^ T cells (2 × 10^5^) were cultured with/without 1 μg/mL anti-CD3 Ab and 5 μg/mL anti-CD28 Ab with/without anti-CD40 Ab for 48 h. Culture supernatant was collected for cytokine and chemokine detection by ELISA (kits from eBioscience) or Luminex assays with the MILLIPLEX MAP kit (Billerica, MA). Flow cytometric analysis and cell sorting were performed using a FACS LSRII or Aria (BD Bioscience) at the University of Iowa Flow Cytometry Facility. Flow data were analyzed with FlowJo software (Tree Star).

Histology and Immunohistochemical Staining {#s7}
------------------------------------------

Immunohistochemical staining was performed as previously described ([@B5]). Fluorochrome-labeled anti-F4/80 and anti-perilipin Ab was used for staining. Confocal microscopy was performed with a Zeiss LSM 710 in the Central Microscopy Research Facility at the University of Iowa. A crown-like structure (CLS) was defined as F4/80^+^ Mϕ aggregates comprising at least 50% of the circumference of circularly surrounding adipocytes. For Oil Red O staining, liver sections were snap frozen in Tissue-Tek OCT, sectioned and fixed in 10% neutral buffered formalin (Harleco, Billerica, MA), and incubated in fresh prepared Oil Red O staining solution for 25 min at 60°C. Nuclei were stained with alum hematoxylin. Staining and microscopy analysis were done in the Pathology Core Facility at the University of Iowa.

Immune Cell Adoptive Transfer {#s8}
-----------------------------

CD4^+^ or CD8^+^ T cells and B cells were purified from the spleens of 8-week-old CD40KO or WT standard chow diet--fed mice using negative selection kits (Miltenyi Biotech, San Diego, CA). Rag1^−/−^ mice fed with HFD for 12 weeks were given 5 × 10^6^ CD8^+^ T cells, CD4^+^ T cells, or 10 × 10^6^ B cells intravenously. Mice were fed with HFD for 4 more weeks. Metabolic parameters and SVF were examined at the end of this time period.

Bone Marrow Chimeric Mice {#s9}
-------------------------

WT and CD40KO mice were irradiated with 950 rads γ-irradiation. Bone marrow (BM) cells (10 × 10^6^) isolated from WT or CD40KO mice were transferred into these mice by intravenous injection. BM recipients were fed with HFD for 12 weeks starting at 4 weeks after irradiation. In another set of experiments, irradiated WT mice were reconstituted with mixed BM (Rag1^−/−^ BM with WT BM or CD40KO BM at a 10:1 ratio). Four weeks later, HFD was given for 12 weeks. Metabolic parameters were monitored as indicated in the figure legends.

Ab Depletion In Vivo {#s10}
--------------------

For CD8^+^ T-cell depletion, WT and CD40KO mice fed with an HFD for 12 weeks were injected with 100 μg i.v. anti-CD8 or isotype control Abs in 100 μL PBS once per week for 6 weeks. HFD was given continuously. Metabolic parameters were monitored as indicated in the figure legends.

Real-Time PCR {#s11}
-------------

Adipose tissue (\<100 mg) was minced into small pieces. RNA was extracted with an RNeasy lipid extraction kit (Qiagen, Gaithersburg, MD) and cDNA synthesized using SuperScript III (Invitrogen). RT-PCR was performed on an ABI PRISM 7900 Sequence Detection System using SYBR Green (Applied Biosystems, Grand Island, NY). cDNA levels were determined with a standard curve and normalized to β-actin. Primers for interferon-γ (IFN-γ) (forward, 5′-CTTTGCAGCTCTTCCTCATGGCTGTTTCTG-3′; reverse, 5′-TGACGCTTATGTTGTTGCTGATGGCCTG-3′), TNF-α (forward, 5′-CACAGAAAGCATGATCCGCGACGT-3′; reverse, 5′-CGGCAGAGAGGAGGTTGACTTTCT-3′), IL-1β (forward, 5′-CCAGCTTCAAATCTCACAGCAG-3′; reverse, 5′-CTTCTTTGGGTATTGCTTGGGATC-3′), IL-6 (forward, 5′-ACAACGATGATGCACTTGCAGA-3′; reverse, 5′-GATGAATTGGATGGTCTTGGTC-3′), IL-4 (forward, 5′-TGTACCAGGAGCCATATCCAC-3′; reverse, 5′-GTTCTTCGTTGCTGTGAGGAC-3′), IL-10 (forward, 5′-TGGCCCAGAAATCAAGGAGC-3′; reverse, 5′-CAGCAGACTCAATACACACT-3′), CCL5 (forward, 5′-TTGCCTACCTCTCCCTAGAGC-3′; reverse, 5′-GGTTCCTTCGAGTGACAAACA-3′), CXCL10 (forward, 5′-CCATCAGCACCATGAACCCAAGTCCTGCCG-3′; reverse, 5′-GGACGTCCTCCTCATCGTCGACTACACTGG-3′), CCL2 (forward, 5′-TTGACCCGTAAATCTGAAGC-3′; reverse, 5′-CGAGTCACACTAGTTCACTG-3′), CCL3 (forward, 5′-TGTTTGCTGCCAAGTAGCCACATC-3′; reverse, 5′-AACAGTGTGAACAACTGGGAGGGA-3′), and β-actin (forward, 5′-TGTGATGGTGGGAATGGGTCAG-3′; reverse, 5′-TTTGATGTCACGCACGATTTCC-3′) were purchased from IDT (Coralville, IA).

Statistical Analysis {#s12}
--------------------

Results are presented as means ± SEM. Statistical differences between two means were evaluated using unpaired Student *t* test. For comparisons of multiple groups, two-way ANOVA was used. Statistical significance was set at a *P* value of \<0.05.

Results {#s13}
=======

Exacerbation of HFD-Induced Metabolic Complications by CD40 Deficiency {#s14}
----------------------------------------------------------------------

The broad expression of CD40 on immune cells and adipocytes and the proinflammatory effects mediated via CD40 signaling during immune responses encouraged us to explore whether CD40 signaling plays a role in the development of obesity and insulin resistance. For this purpose, age-matched WT and CD40KO mice were fed with an HFD (60% of kilocalories) for 18 weeks. Interestingly, CD40KO mice gained significantly more body weight than WT mice ([Fig. 1*A*](#F1){ref-type="fig"}), and this could be attributed to visceral fat deposition, as they also showed remarkably increased weight of epididymal adipose tissue (EAT) but only slightly increased weight of femoral SAT ([Fig. 1*B*](#F1){ref-type="fig"}). DIO CD40KO mice also exhibited aggravated glucose intolerance and insulin resistance compared with DIO WT mice ([Fig. 1*C* and *D*](#F1){ref-type="fig"}). Notably, 4 of 12 CD40KO mice, but none of the WT mice, occasionally showed hyperglycemia (\>250 mg/dL) after 12 weeks on an HFD, although the blood glucose levels after 14 h of fasting remained unchanged ([Supplementary Fig. 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1657/-/DC1)). The fluctuation of blood glucose further supports the impaired glucose and insulin tolerance in CD40KO mice. Consistent with the increased fat pad weight and insulin resistance, CD40KO mice also showed higher levels of triglycerides and total and (V)LDL cholesterol but comparable HDL cholesterol in serum compared with WT mice ([Fig. 1*E*--*H*](#F1){ref-type="fig"}). We also found slightly lower levels of serum insulin in CD40KO versus WT mice ([Fig. 1*I*](#F1){ref-type="fig"}). In addition, liver histology showed enhanced Oil Red O--specific lipid deposition in CD40KO mice ([Supplementary Fig. 2](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1657/-/DC1)), indicating more severe hepatic steatosis. Taken together, our data demonstrate that CD40 plays an important role in inhibiting the development of insulin resistance and dysfunctional metabolism in response to DIO.

![CD40 deficiency aggravates HFD-induced metabolic complications. WT and CD40KO mice consumed an HFD for 18 weeks. Relative increase of body weight (% increase of starting body weight) (*A*) and weight of EAT and SAT after 18 weeks of diet (*B*) are shown. GTT (*C*) and ITT (*D*) were performed after intraperitoneal injection of glucose or insulin. Triglyceride (*E*), total cholesterol (*F*), LDL/VLDL (*G*), HDL (*H*), and insulin (*I*) levels in mouse sera were examined. SCD, standard chow diet. Data are presented as mean ± SEM of at least 12 animals for *A*--*D* and of 8 animals for *E*--*I* per group. \**P* \< 0.05.](2751fig1){#F1}

Requirement of CD40 Expression on Immune Cells for Preventing Aggravated Obesity and Insulin Resistance {#s15}
-------------------------------------------------------------------------------------------------------

CD40 is widely expressed on immune cells, adipocytes, and endothelial cells ([@B26]). Although there are many published reports on CD40 functions in immune cells, the roles of CD40 in various types of nonimmune cells are less understood. For exploration of whether prevention of obesity and insulin resistance in the DIO model requires CD40 expression by immune cells, WT and CD40KO mice were lethally irradiated and reconstituted with WT BM cells or CD40KO BM and received an HFD starting 4 weeks later. In this model, immune cells lacking or expressing CD40 are reconstituted in recipient mice in which nonimmune cells are CD40 sufficient or deficient. After 12 weeks on the HFD, recipients of CD40KO BM gained more body weight and EAT weight than recipients of WT BM ([Fig. 2*A* and *B*](#F2){ref-type="fig"}). Consistently, these mice also displayed decreased glucose tolerance and elevated insulin resistance ([Fig. 2*C* and *D*](#F2){ref-type="fig"}). These data indicate that CD40 must be expressed on immune cells to exert its effects in inhibiting obesity and insulin resistance.

![CD40 expression on immune cells is required for preventing aggravated obesity and insulin resistance. Eight-week-old WT and CD40KO mice were lethally irradiated and reconstituted with BM from WT or CD40KO mice. Four weeks later, mice were fed with HFD for 12 weeks. Relative increase in body weight during HFD feeding (*A*) and weight of EAT (*B*) were quantified at the end of the study. GTT (*C*) and ITT (*D*) were performed after intraperitoneal injection of glucose or insulin. Data are presented as mean ± SEM of ≥8 animals per group. KOBM, CD40KO BM. \**P* \< 0.05 (WT+KOBM or KO+KOBM vs. WT+WT BM or KO+WT BM).](2751fig2){#F2}

Impact of CD40 Upon Local Immune Responses in Adipose Tissues {#s16}
-------------------------------------------------------------

Chronic, low-level inflammation in adipose tissue is crucial for the development of insulin resistance. CD40 plays multiple roles in different types of immune cells, so we next explored whether CD40 deficiency alters the local immune environment in adipose tissue and induces more immune cell infiltration and inflammation. For this purpose, SVFs in obese EAT were extracted and analyzed. Flow cytometric analysis showed that there were consistently more CD8^+^ T cells and Mϕ accumulated in EAT of DIO CD40KO mice than in DIO WT mice but little if any change in numbers of other immune cells ([Fig. 3*A*](#F3){ref-type="fig"}). A similar trend was also seen in mice fed a standard chow diet ([Fig. 3*B*](#F3){ref-type="fig"}). Interestingly, CD40KO mice consuming a standard chow diet also showed lowered glucose tolerance and insulin tolerance ([Fig. 3*C* and *D*](#F3){ref-type="fig"}), indicating that CD40 plays an important role in preventing insulin resistance even without the extra risk factor of HFD consumption.

![CD40 deficiency results in severe local inflammation in EAT. WT and CD40KO mice consumed an HFD or standard chow diet for 18 weeks. *A*: Immune cells in EAT in DIO mice were identified by flow cytometry (*left*) and quantified (*right*). Cell number is expressed per gram of fat pads. *B*: Immune cells in EAT in standard chow diet--fed mice were quantified (cell number expressed per gram of fat pads), and GTT (*C*) and ITT (*D*) were performed. *E*: Epididymal fat pad sections from DIO mice were stained for F4/80 (green) and perilipin (red) (*left*) (scale bar = 50 μm). CLS were counted (*right*) (four mice for each group, *n* = 20 low-power fields in each group). *F*: Mϕ (F4/80^+^) in epididymal fat pads in DIO mice were gated, and M1-like Mϕ (CD11c^+^) and M2-like Mϕ (CD11c^−^) were further analyzed and quantified. Cell number is expressed per gram of fat pads. *G*: Cytokines in freshly isolated SVF from EAT and SAT in DIO mice were measured by real-time PCR, and fold changes of mRNA expression level (CD40KO vs. WT) are shown (four mice for each group). *H*: Isolated SVF was cultured for 48 h, and TNF-α and IFN-γ were quantified by ELISA (one of three individual experiments is shown). Data are presented as mean ± SEM of 8--12 mice for all the panels except *E* and *G*. \**P* \< 0.05.](2751fig3){#F3}

Obesity is usually accompanied by necrosis of adipocytes, which can induce Mϕ infiltration and the formation of CLS ([@B27]). Consistent with our flow cytometry data, immunohistochemical staining also revealed higher numbers of CLS in CD40KO EAT after HFD consumption ([Fig. 3*E*](#F3){ref-type="fig"}). When analyzing different subsets of Mϕ, we found that the numbers of both M1-like Mϕ (F4/80^+^ and CD11c^+^) and M2-like Mϕ (F4/80^+^ and CD11c^−^) were equally increased in CD40KO EAT ([Fig. 3*F*](#F3){ref-type="fig"}). For evaluation of whether CD40 deficiency predisposes to a more proinflammatory EAT milieu, total RNA from EAT and SAT was extracted and real-time PCR was conducted. Results showed that the mRNA expression levels of IFN-γ, TNF-α, IL-1β, and IL-6 were remarkably increased in EAT but not in SAT in CD40KO mice ([Fig. 3*G*](#F3){ref-type="fig"}). Notably, we also found slightly less IL-4 in EAT in CD40KO mice ([Fig. 3*G*](#F3){ref-type="fig"}). For further assessment of the function of immune cells that infiltrated into EAT, total SVFs isolated from EAT were cultured for 48 h. TNF-α and IFN-γ, which affect insulin resistance ([@B2]), were measured in culture supernatants. Results showed that significantly more TNF-α and IFN-γ were produced in the absence of CD40 ([Fig. 3*H*](#F3){ref-type="fig"}). Collectively, CD40 deficiency allows more severe inflammation to occur in obese EAT.

Role of Lymphoid Cells in the Susceptibility of HFD-Induced Obesity and Insulin Resistance in CD40KO Mice {#s17}
---------------------------------------------------------------------------------------------------------

Both myeloid and lymphoid immune cells are important for the induction of insulin resistance in obese mouse models. To assess the relative importance of each cell type in contributing to the dysfunctional metabolism in CD40KO mice, BM from Rag1-deficient (Rag1^−/−^) mice was mixed with WT BM or CD40KO BM at a 10:1 ratio and transferred into lethally irradiated WT mice. HFD was started 4 weeks later. In this model, most of the myeloid cells are derived from Rag1^−/−^ BM and are thus CD40 sufficient, while the lymphoid cells are either CD40 sufficient or deficient. Interestingly, Rag1/CD40KO chimeric mice gained more body weight than Rag1/WT chimeric mice during HFD consumption for 12 weeks ([Fig. 4*A*](#F4){ref-type="fig"}). Rag1/CD40KO chimeric mice also consistently exhibited exacerbated glucose intolerance and insulin resistance ([Fig. 4*B* and *C*](#F4){ref-type="fig"}). These results indicate that lymphoid cells are the major immune cells contributing to the susceptibility to enhanced HFD-induced obesity and insulin resistance in CD40KO mice.

![Role of lymphoid cells in the susceptibility of HFD-induced obesity and insulin resistance in CD40KO mice. WT mice were lethally irradiated and immune systems were reconstituted with mixed BM (Rag1^−/−^ BM vs. WT BM or CD40KO BM with a 10:1 ratio). Four weeks later, HFD was given for 12 weeks. *A*: Relative increase of body weight during HFD feeding is shown. GTT (*B*) and ITT (C) were conducted. Data are presented as mean ± SEM of eight animals per group. \**P* \< 0.05.](2751fig4){#F4}

Essential Role of CD8^+^ T Cells in Exacerbating HFD-Induced Insulin Resistance in CD40KO Mice {#s18}
----------------------------------------------------------------------------------------------

It has been reported that different lymphocyte subsets play distinct roles in insulin resistance induction in obese mice. For further investigation of which lymphoid cell types are most important in the CD40 role in protecting against insulin resistance, Rag1^−/−^ mice fed with an HFD for 12 weeks were reconstituted with B cells, CD4^+^ T cells, or CD8^+^ T cells isolated from spleens of either WT or CD40KO mice. HFD was given for 4 more weeks, and glucose and ITTs were conducted. Consistent with previously reported findings ([@B7]), WT CD4^+^ T-cell transfer improved glucose tolerance and insulin tolerance ([Supplementary Fig. 3*A* and *B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1657/-/DC1)), but no impact was observed with B-cell transfer ([Supplementary Fig. 3*C* and *D*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1657/-/DC1)). Additionally, CD4^+^ T-cell and B-cell transfer produced the same results regardless of whether these cells came from WT or CD40KO mice, indicating that CD40 expressed on CD4^+^ T cells and B cells does not account for the impact of CD40 in preventing insulin resistance in the DIO model. In contrast, mice transferred with CD40-deficient CD8^+^ T cells exhibited worsened glucose tolerance and insulin sensitivity compared with mice receiving WT CD8^+^ T cells ([Fig. 5*A* and *B*](#F5){ref-type="fig"}). In addition, we found that more Mϕ and CD8^+^ T cells accumulated in EAT in recipient mice transferred with CD40-deficient CD8^+^ T cells ([Fig. 5*C*](#F5){ref-type="fig"}), suggesting that the presence of CD8^+^ T cells from CD40-deficient mice facilitates Mϕ recruitment or maintenance in VAT. To further establish the role of CD40-deficient CD8^+^ T cells in promoting insulin resistance, we depleted CD8^+^ T cells by injection of anti-CD8 depleting Ab for 6 weeks in CD40KO mice, which were fed with an HFD for 12 weeks. We found that CD8^+^ T-cell depletion greatly improved glucose tolerance and insulin tolerance in both WT and CD40KO mice, and the difference between these two groups disappeared ([Fig. 5*D* and *E*](#F5){ref-type="fig"}). This is accompanied by significant decrease of Mϕ in EAT ([Fig. 5*F*](#F5){ref-type="fig"}), suggesting that recruitment or maintenance of Mϕ in adipose tissue requires the presence of CD8^+^ T cells. Consistent with these findings, we found that CD40 expression is greatly upregulated on CD8^+^ T cells in EAT in DIO mice compared with minimal or no expression by CD8^+^ T cells harvested from SAT and spleen ([Supplementary Fig. 4*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1657/-/DC1)). In addition, CD8^+^ T cells in EAT in older WT mice with normal chow diet also upregulated CD40 expression ([Supplementary Fig. 4*B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1657/-/DC1)). Collectively, these results indicate that CD8^+^ T cells are essential in inducing inflammation in adipose tissue and insulin resistance after HFD consumption and that CD40 plays a critical role in restraining this pathologic function.

![CD8^+^ T cells are essential in exacerbating HFD-induced insulin resistance in CD40KO mice. For *A*--*C*, Rag1^−/−^ mice were fed with HFD for 12 weeks, and then 5 × 10^6^ CD8^+^ T cells isolated from spleen of WT or CD40KO mice were transferred intravenously. HFD was given for 4 more weeks. GTT (*A*) and ITT (*B*) were conducted. *C*: CD8^+^ T cell and Mϕ in EAT were quantified (cell number is expressed per gram of fat pads). For *D*--*F*, WT and CD40KO mice were fed with HFD for 12 weeks, and anti-CD8 depleting or isotype control Abs were injected intraperitoneally once per week for 6 weeks. HFD was given simultaneously. GTT (*D*) and ITT (*E*) were conducted (the list of legends shows the order of graph from high to low). *F*: Immune cells in EAT were quantified (cell number is expressed per gram of fat pads). Data are presented as mean ± SEM of six to eight animals per group. \**P* \< 0.05.](2751fig5){#F5}

CD40 Deficiency Promotes Production of Chemokines and Proinflammatory Cytokines by CD8^+^ T Cells in Obese EAT {#s19}
--------------------------------------------------------------------------------------------------------------

To begin to determine how CD40-deficient CD8^+^ T cells affect insulin sensitivity, we sorted CD8^+^ T cells from SAT and EAT in DIO WT and CD40KO mice and cultured the cells in vitro for 48 h with/without anti-CD3 and CD28 Ab stimulation. Cytokine measurements in culture supernatants showed that CD8^+^ T cells from CD40KO EAT produced significantly more IFN-γ and TNF-α ([Fig. 6*A*](#F6){ref-type="fig"} and *C*) both before and after stimulation. In contrast, there was no discernible difference attributable to CD40 when CD8^+^ T cells were isolated from SAT ([Fig. 6*B* and *D*](#F6){ref-type="fig"}), which indicates that the microenvironment in EAT is key in promoting CD40-deficient CD8^+^ T cells to produce proinflammatory cytokines. Consistent with the expression of CD40 on CD8^+^ T cells in EAT, CD40 stimulation suppressed cytokine production from CD8^+^ T cells sorted from WT EAT ([Fig. 6*F*](#F6){ref-type="fig"}). In contrast to CD8^+^ T cells, cytokine production by sorted CD4^+^ T cells from EAT in CD40KO versus WT mice showed no detectable difference ([Supplementary Fig. 5*A* and *B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1657/-/DC1)).

![CD40 deficiency promotes chemokine and proinflammatory cytokine production by CD8^+^ T cells in EAT. WT and CD40KO mice consumed an HFD for 18 weeks. In *A*--*E*, CD8^+^ T cells in EAT and SAT were sorted from WT and CD40KO mice and stimulated with anti-CD3 and CD28 Ab for 48 h. IFN-γ and TNF-α produced by control and treated CD8^+^ T cells in EAT (*A* and *C*) and by treated CD8^+^ T cells in SAT (*B* and *D*) were measured by ELISA. Chemokines produced by treated CD8^+^ T cells in EAT were measured by luminex beads (*E*) (one of three individual experiments is shown). In *F* and *G*, CD8^+^ T cells in EAT were sorted from obese WT mice and stimulated with anti-CD3 and CD28 Ab and in the presence or absence of anti-CD40 Ab for 48 h. IFN-γ and TNF-α (*F*) and chemokines (*G*) were quantified with luminex beads (data represent four mixed mice). *H*: Chemokine mRNA in whole SVF isolated from EAT and SAT were measured by real-time PCR, and fold changes of mRNA expression level (CD40KO vs. WT) are shown (four mice for each group). Data are presented as mean ± SEM.](2751fig6){#F6}

CD8^+^ T-cell infiltration in adipose tissue precedes that of Mϕ, and CD8^+^ T cells can interact with adipocytes and enhance Mϕ migration by secreting chemokines ([@B5]). We found that sorted CD40-deficient CD8^+^ T cells from EAT secreted more CCL5 and CCL3 ([Fig. 6*E*](#F6){ref-type="fig"}) upon anti-CD3 and CD28 Ab stimulation than WT CD8^+^ T cells. Additionally, CD40 stimulation suppressed CCL5, CXCL10, CCL2, and CCL3 production from CD8^+^ T cells sorted from WT EAT ([Fig. 6*G*](#F6){ref-type="fig"}). Furthermore, real-time PCR with whole SVF isolated from EAT revealed higher levels of CCL5 and CXCL10 but not CCL2 and CCL3 mRNAs in CD40-deficient EAT than in WT, but no difference was observed in SAT ([Fig. 6*H*](#F6){ref-type="fig"}). Therefore, these results suggest that CD40 deficiency facilitates forming an environment in EAT with high concentrations of chemokines, which may contribute to immune cell migration and residence in this adipose tissue.

Discussion {#s20}
==========

Inflammation in obese adipose tissue can be modulated by alterations of the composition and/or interactions of local immune cells. Our finding that CD40KO mice in the DIO model exhibited exacerbated local inflammation in EAT, insulin resistance, and metabolic abnormalities was initially surprising, as CD40 itself is a costimulatory receptor and its deficiency impairs general immune responses. Of particular interest, we found that CD40-deficient CD8^+^ T cells in EAT produced more proinflammatory cytokines and CCL5 and CCL3, and this was critical for immune cell infiltration and insulin resistance induction in DIO CD40KO mice. We propose that CD40 may play a special role in the microenvironment of obese EAT through regulating CD8^+^ T-cell function.

In contrast to our observations with CD40KO mice, a previous study showed that CD154/CD40L is a requirement to maintain adipose tissue inflammation in mice ([@B24]) and CD154 deficiency attenuates diet-induced steatosis and improves insulin resistance ([@B28]). However, CD154 can function through distinct receptors in addition to CD40, e.g., Mac-1/CD11b ([@B25]). Therefore, the varied phenotypes observed may result from overlapping but different physiologic alterations in mice lacking CD154 vs. CD40. For example, CD154 promotes atherogenesis, whereas CD40 does not have an effect in a mouse model ([@B29]). Thus, the roles played by CD154 and CD40 may be context dependent. This concept is further supported by a very recent report showing that CD40-deficient mice exhibit more severe hepatic steatosis, adipose tissue inflammation, and insulin resistance, although the immunological mechanisms were not explored ([@B30]).

Antigen-presenting cells, as well as T lymphocytes, in certain situations can express CD40, and both are crucial for inducing or regulating insulin resistance in DIO mice. Although there are more Mϕ and CD8^+^ T cells residing in the DIO CD40KO EAT, we found that the CD8^+^ T cell is the most critical element for inducing severe immune cell infiltration in the EAT and insulin resistance in DIO CD40KO mice. Our results are consistent with a previous report that CD8^+^ T cells can mediate Mϕ recruitment and activation in adipose tissue ([@B5]), as transfer or depletion of CD8^+^ T cells increased or decreased Mϕ infiltration in DIO CD40KO mice, respectively. CD40 can be expressed on activated CD8^+^ T cells, but its role in CD8^+^ T cell activation and differentiation is not established ([@B31]--[@B33]). Recent studies indicate that CD40 signaling in CD8^+^ T cells impacts pathogen-associated immune responses ([@B19]--[@B21]). CD40 signaling also promotes optimal CD8^+^ effector T-cell responses and blocks the differentiation of antigen-specific inducible T-regulatory cells in a skin transplant model ([@B34]). In contrast to the proinflammatory effect of CD40 in CD8^+^ T cells in these infectious disease models, our findings with the DIO mouse model showed that CD40 plays an important anti-inflammatory role in obese EAT. Interactions between adipocytes and CD8^+^ T cells are crucial for CD8^+^ T cells to mediate Mϕ migration and activation ([@B5]), highlighting the unique immune environment of VAT. Our findings that high numbers of Mϕ and CD8^+^ T cells in EAT in DIO CD40KO mice are not accompanied by increased numbers of these cells in lymphoid organs, further support the specificity of this unique tissue environment in inducing immune responses. Consistent with this point, although there are fewer Foxp3^+^ regulatory T cells (Treg) in lymphoid tissues in CD40KO mice than in WT mice ([@B35]), Treg number in obese EAT was not significantly different in WT versus CD40KO mice. This result also indicates that Tregs do not make a major contribution to the enhanced insulin resistance in CD40KO mice. Our observation that CD40-deficient CD8^+^ T cells specifically in EAT exhibit a more severe proinflammatory phenotype suggests that EAT supplies a special milieu for the interaction between CD8^+^ T cells and their environment. In this special environment, CD40 provides a negative signal for activation of CD8^+^ T cells. The detailed underlying molecular mechanisms await further investigation. Nevertheless, our current results, together with the previous studies discussed above, indicate that the impact of CD40 upon CD8^+^ T-cell functions is context dependent. Consistent with our findings, a very recent report showed enhanced adipose inflammation and insulin resistance due to reduced Treg development and proliferation in CD80- and CD86-deficient mice ([@B36]). Although the mechanisms are distinct from CD40KO mice, this further supports our concept that costimulatory signals may play different roles in the microenvironment of obese adipose tissue compared with other disease conditions.

We here present the unexpected finding that CD40 potently restrains adipose tissue inflammation and promotes metabolic homeostasis in mice. As CD40 polymorphisms are associated with human diseases ([@B37]--[@B39]), further investigation into how CD40 in human populations affects obesity and other metabolic diseases can continue to reveal important roles of CD40 and new opportunities for disease management and intervention.
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